Abstract An increase in ipsilateral descending motor pathway activity has been reported following hemiparetic stroke. In axial muscles, increased ipsilateral cortical activity has been correlated with good recovery whereas in distal arm muscles it is correlated with poor recovery. Currently, little is known about the control of proximal upper limb muscles following stroke. This muscle group is less impaired than the distal arm muscles following stroke, yet contributes to the abnormal motor coordination patterns associated with movements of the arm which can severely impair reaching ability. This study used transcranial magnetic stimulation (TMS) to evaluate the presence and magnitude of ipsilateral and contralateral projections to the pectoralis major (PMJ) muscle in stroke survivors. A laterality index (LI) was used to investigate the relationship between ipsilateral and contralateral projections and strength, clinical impairment level, and the degree of abnormal coordination expressed in the arm. The ipsilateral and contralateral hemispheres were stimulated using 90% TMS intensity while the subject generated shoulder adduction torques in both arms. Motor evoked potentials (MEPs) were measured in the paretic and non-paretic PMJ. The secondary torque at the elbow was measured during maximal adduction as an indicator of the degree of extensor synergy. Ipsilateral MEPs were most common in stroke survivors with moderate to severe motor deficits. The LI was correlated with clinical impairment level (P = 0.05) and the degree of extension synergy expressed in the arm (P = 0.03). The LI was not correlated with strength. These results suggest that increased excitability of ipsilateral pathways projecting to the proximal upper arm may contribute to the expression of the extension synergy following stroke. These findings are discussed in relation to a possible unmasking or upregulation of oligosynaptic cortico-bulbospinal pathways following stroke.
Introduction
After a stroke that has resulted in functional motor impairment of the contralateral upper limb, there is frequently an increase in the activity of motor cortical regions in the hemisphere ipsilateral to the paretic arm. This finding has been demonstrated using functional magnetic resonance imaging (fMRI) (Cao et al. 1998; Carey et al. 2002; Cramer et al. 1997; Feydy et al. 2002; Marshall et al. 2000; Ward et al. 2003) , positron emission tomography (PET) (Chollet et al. 1991; Honda et al. 1997; Weiller et al. 1993) , electroencephalography (EEG) (Green et al. 1999; Kopp et al. 1999; Serrien et al. 2004; Verleger et al. 2003) and transcranial magnetic stimulation (TMS) (Alagona et al. 2001; Chen et al. 2003; Fujiwara et al. 2001; Strens et al. 2003; Ward et al. 2003) . The functional role of this increase in ipsilateral motor cortical activity may differ depending upon whether the lesioned pathway projected to motor neurons controlling the distal, proximal or axial musculature. Studies investigating the control of distal arm muscles have found the presence of ipsilateral activity to be associated with poor motor recovery (Ward et al. 2003; Werhahn et al. 2003) . In contrast, studies of axial muscle activity have found a positive correlation between ipsilateral activity and recovery level (Fujiwara et al. 2001; Hamdy and Rothwell 1998; Muellbacher et al. 1999) . The disparity in the relationship between ipsilateral activity and motor recovery between muscle groups may be explained by the fact that distal muscles are primarily innervated by contralateral corticospinal projections (Palmer and Ashby 1992) , whereas axial muscles receive extensive bilateral input from cortico-bulbospinal pathways (Ferbert et al. 1992; Hamdy and Rothwell 1998) . Therefore, even when contralateral projections are damaged, the axial muscles may be able to depend on a strong ipsilateral projection to a much greater extent than distal muscles.
Currently, the relationship between ipsilateral activity and motor recovery of the proximal upper limb muscles is unknown. After a hemiparetic stroke, the proximal limb is less affected than the distal limb (Colebatch and Gandevia 1989) , nevertheless, normal function of the proximal upper arm is frequently severely impaired. Proximal upper limb impairment is characterized by weakness (Adams et al. 1990; Bohannon and Smith 1987; Colebatch and Gandevia 1989; Lum et al. 2003; Mercier and Bourbonnais 2004) and abnormal coordination between elbow and shoulder muscles expressed as flexor and extensor synergies (Twitchell 1951; Brunnstrom 1970; Dewald and Beer 2001; Dewald et al. 1995; Ellis et al. 2007 ). These impairments significantly affect reaching abilities in stroke survivors with poor recovery (Beer et al. 2004 (Beer et al. , 2007 Sukal et al. 2007) .
In able-bodied individuals, ipsilateral projections to the proximal upper limb are more common than in the distal upper limb. Studies using TMS have shown that ipsilateral motor evoked potentials (ipsilateral MEPs) in the pectoralis major and the trapezius muscles could be readily evoked during low level tonic contractions, whereas ipsilateral MEPs in the deltoids and biceps occurred only with biphasic contractions (Bawa et al. 2004 ) and ipsilateral MEPs in distal muscles were rare. Ipsilateral MEPs have been reported in a subset of distal upper limb muscles (finger and wrist extensors, but not the flexors), but only using high stimulation intensities and background contraction . A variety of pathways could mediate the proximal and axial ipsilateral MEPs, including ipsilateral corticospinal, transcallosal or cortico-bulbospinal pathways. In particular, ipsilateral corticospinal (Brinkman and Kuypers 1973) and cortico-bulbospinal pathways preferentially project to medial motor nuclei of the anterior horn and thus are considered to be important in the control of axial and proximal limb muscles (Kuypers 1964) .
The anatomical arrangements of ipsilateral projections to proximal muscles may contribute to the relative preservation of proximal limb control and facilitate recovery following stroke. In spite of this, the loss of contralateral corticospinal input to the proximal limb, and subsequent expression of, or take-over by, ipsilateral pathways may explain the loss of independent joint control and abnormal coordination observed in the proximal limb after stroke. In moderate to severely impaired stroke survivors, this abnormal coordination is characterized by an obligatory co-activation between shoulder adductors and elbow extensors (extensor synergy) as well as between shoulder abductors and elbow flexors (flexor synergy) (Brunnstrom 1970; Dewald et al. 1995; Dewald and Beer 2001; Ellis et al. 2007) .
The purpose of this study was to determine if the relative presence and magnitude of the ipsilateral and contralateral projections to the proximal muscle PMJ were correlated with relative strength, abnormal coordination, and/or Fugl-Meyer score in mild to severely impaired stroke subjects. We studied the PMJ muscle as it is involved in shoulder adduction and internal rotation, which are part of the abnormal extensor synergy that emerges following stroke.
Materials and methods

Subjects
Ten male subjects with left hemiparesis volunteered to participate in the study. All subjects were recruited from the stroke database at the Sensory Motor Performance Program within the Rehabilitation Institute of Chicago. The experiments were performed with informed consent and approval of the local ethics committee. Subjects were evaluated using the upper extremity motor portion of the Fugl-Meyer Motor Assessment (FMA) (Fugl-Meyer et al. 1975 ) and the Chedoke-McMaster Stroke Assessment (CMSA) (Gowland et al. 1993) prior to the experiment (see Table 1 ). Lesion location was identified by a neuroradiologist from an anatomical MRI if it was available.
Experimental set-up
Subjects were secured in a Biodex experimental chair (Biodex Medical systems, Shirley, NY, USA) using waist and shoulder belts to restrict trunk movement. Both the paretic and non-paretic arms were held in the following arm configuration: 90°elbow angle, 55°shoulder abduction angle, and 20°shoulder flexion angle. A fiberglass cast was put on the hand, wrist and forearm of the paretic arm, which was fixed at the wrist to a 6 degree of freedom load cell (Model 45E15A; JR3, Inc., Woodland, CA, USA) to allow for simultaneous measurement of adduction torque at the shoulder and flexion/extension torque at the elbow. The non-paretic arm was strapped to a single degree of freedom load cell (Model FT04433; ATI Industrial Automation, Garner, NC, USA) under the elbow center of rotation for measurement of the shoulder adduction torque. Forces and moments measured by the 6 degree of freedom load cell were converted on-line to torques at the elbow and shoulder of the paretic limb . Maximum voluntary shoulder adduction was measured in both the paretic and non-paretic limbs in order to set the background contraction required during TMS. In addition, maximum voluntary elbow flexion/extension torques were measured with the 6 degree of freedom load cell from the paretic arm with the purpose of determining the degree of abnormal coupling between shoulder adduction and elbow extensor coordination in the paretic limb. This was realized by normalizing the amount of secondary elbow flexion or extension torque generated during the shoulder adduction maximal contraction with the respective maximum voluntary elbow flexion or extension torque. Real-time visual feedback of the downward force produced at each elbow during shoulder adduction was provided to the subject on a computer monitor. During the experiment, the subject was asked to simultaneously adduct both arms to a level of 5-10% of the voluntary max of the non-paretic limb. With the exception of subject S2, all subjects performed the task with relative ease. Subject S2 had considerably more weakness relative to the non-paretic side and judged the task to be quite difficult but was able to hold the adduction torque in the target range for the full 30 s. Surface electromyographic (EMG) signals were recorded from the sternal head of the right and left pectoralis major (PMJ) muscles. Bipolar active electrodes (Delsys, Boston, MA, USA), with an inter-electrode distance of 1 cm were placed over the muscle belly. The EMG signals were sampled at 2500 Hz, amplified with a gain of 1000 and band-pass filtered at 6-450 Hz.
Transcranial magnetic stimulation
Single pulse TMS at 90% maximal stimulator output (MSO) was applied over an eighteen-site, 2 cm spaced stimulation grid on the scalp surface (nine sites over each hemisphere) with a 70 mm figure-of-eight coil (Magstim Co., UK). The stimulation intensity of 90% MSO was selected based upon a compromise between an intensity high enough to evoke ipsilateral MEPs [normally 50-60% MSO in non-impaired individuals (MacKinnon et al. 2004) ], tolerance to stimulation during mapping, and overheating of the coil. We initially completed mapping at all stimulation sites at 90%. The stimulation grid was comprised of two 3 9 3 grids, each centered on a site located 4 cm lateral to the vertex of the head. This site has previously been found to be the optimal site for activation of the ipsilateral PMJ in able-bodied individuals (MacKinnon et al. 2004) . TMS was applied over the entire grid in order to account for any shift in the location of the optimal stimulation site that may have occurred in the lesioned hemisphere with cortical reorganization after the stroke. In addition, the investigation of a grid would be able to detect if the ipsilateral hotspot was in a position distinct from the contralateral hotspot as has been previously reported (Chen et al. 2003; Nirkko et al. 2001; Wassermann et al. 1994; Ziemann 1999) . If no contralateral MEP was evoked at 90% MSO we normally explored the grid with a higher intensity to see if a MEP could be evoked. The coil was held with the handle straight backward and was oriented to produce currents in a posteriorto-anterior direction. During the experiment, the subject was asked to maintain the target level of adduction force in both arms for thirty seconds while five TMS stimuli were applied. The experimenter verified that both arms were adducting within the target range before stimulating the subject. Two trials of five stimuli were recorded for each stimulation site for a total of ten stimuli per site.
Data analysis
Data were analyzed off-line using custom software developed in Matlab (Mathworks, Inc., Natick, MA, USA). For each stimulation site, the ten trials of unrectified EMGs were ensemble averaged. The size of the motor evoked potential (MEP) was calculated by measuring the peak-to-peak magnitude of the ensembleaveraged signal. The presence of a MEP was determined by evaluating the ensemble averaged signal as well as an overlay of all ten trials. At least five of the ten trials needed to deviate in the same direction from baseline at a similar time-point for the determination that a MEP occurred. The site with the largest peak-to-peak response was defined as the hotspot. Four hotspots were found; the contralateral and ipsilateral hotspots for the non-paretic arm and the contralateral and ipsilateral hotspots for the paretic arm. The signals elicited from these four sites were further analyzed and compared across subjects. The statistical analysis was performed using Data Desk (version 6.1, Data Description, Inc., Ithaca, NY, USA) or STATPAC for Windows. A significance level of 0.05 was used for all the statistical tests.
MEP prevalence
The prevalence of ipsilateral MEPs and contralateral MEPs were compared between the paretic and non-paretic limbs using the Fisher's Exact test which is suited for small sample sizes.
Relative size of responses
The MEP magnitude was normalized to the maximum voluntary contraction. The peak-to-peak magnitude of the contralateral MEPs and ipsilateral MEPs in the paretic or non-paretic limb were compared using paired t tests.
Laterality
A laterality index (LI) was calculated for both the paretic and non-paretic PMJ for each participant to determine the relative magnitude of the contralateral (cMEP) and ipsilateral (iMEP) MEPs as follows:
where an LI = 1 signifies that only a cMEP was recorded in the muscle and an LI of -1 indicates that only an ipsilateral MEP was elicited. The correlation between the laterality index and the Fugl-Meyer score was tested using the non-parametric Spearman's correlation coefficient.
Relative strength
The maximum voluntary shoulder adduction torque was recorded in the paretic limb and normalized to the nonparetic limb maximum torque as an indicator of the level of recovery of strength. The correlation between relative strength and laterality index was tested using the parametric Pearson's correlation coefficient.
Secondary elbow torque
In abnormal coordination after stroke, shoulder adduction is abnormally combined with elbow extension (Dewald and Beer 2001) . In this experiment, the secondary torque at the elbow was measured while subjects performed maximal voluntary shoulder adduction. The secondary elbow torque was normalized to the subject's maximal elbow flexion or extension torque depending on the direction of the secondary torque (+100% indicates that the secondary elbow torque was flexion and was the same size as the maximum elbow flexion and -100% similarly represents extension). The parametric Pearson's correlation coefficient was used to test the relationship between the laterality index and the normalized secondary torque across subjects. The non-parametric Spearman's correlation coefficient was calculated to test the correlation between the degree of elbow co-activation and the FuglMeyer score.
Spatial analysis
Scalp surface maps were constructed from the average MEP amplitudes for each subject. The center of gravity (CoG) of these maps was calculated based upon the amplitude-weighted mean location over each hemisphere. Paired t-tests were used to test for differences in the anterior-posterior and medial-lateral locations of the CoGs between contralateral and ipsilateral projections on the same hemisphere.
Latency analysis
MEP onset latencies were marked manually by visual inspection on a trial-by-trial basis based upon a clear deflection of the MEP waveform above baseline. Since MEPs were frequently absent or the onset was difficult to judge in a subset of trials, average latencies within subjects were derived from a minimum of five of the ten TMS trials with a clear MEP. An ANOVA was used to test for the effect of arm (paretic vs. non-paretic) and projection type (contralateral vs. ipsilateral). Scheffe posthoc tests were used to determine significant differences between groups in terms of the onset latency.
Results
An example of MEPs evoked in the non-paretic and paretic PMJ from either the contralateral or ipsilateral hemispheres is shown in Fig. 1 for two subjects, one subject with mild-tomoderate impairment and one subject with moderate-tosevere impairment. Both subjects had an ipsilateral response in the paretic limb, however, the response was much larger in the moderate-to-severe subject. In fact, the ipsilateral response in this subject was larger than the contralateral response in the paretic limb. We observed ipsilateral responses much more often in the more severely impaired stroke survivors (see Table 2 ). Based on this observation, we divided the subjects into a mild-to-moderate (MM) impairment group (five subjects) and a moderate-to-severe (MS) impairment group (five subjects). The subjects in the MM group had Fugl-Meyer scores in the 34-66 range and the subjects in the MS group had Fugl-Meyer scores of 1-33 range. All subjects in the MS group had Chedoke-McMaster scores of 3 or less. In contrast, 4 of the 5 MM subjects had Chedoke-McMaster scores of 5 or greater (see Table 1 ).
Prevalence of contralateral MEPs and ipsilateral MEPs
Contralateral MEPs were evoked in the non-paretic PMJ in all ten subjects (Table 2 ). In the paretic arm, contralateral
MEPs occurred almost as frequently as in the non-paretic PMJ (7/10 vs. 10/10, respectively; P = 0.2105; two-tailed Fisher's Exact Test, FET). The prevalence of contralateral MEPs was similar between the MS and MM groups for both the paretic and non-paretic limbs. Ipsilateral MEPs in the paretic arm occurred with a similar frequency as in the non-paretic PMJ (7/10 vs. 5/10, respectively; P = 0.6499; two-tailed FET). By impairment group, the subjects in the MS group were more likely to exhibit ipsilateral MEPs in the paretic limb than the MM group (5/5 vs. 2/5, respectively; P = 0.0833; one-tailed FET) and were overall significantly more likely to have ipsilateral MEPs in either limb (9/10 vs. 3/10, respectively; P = 0.0099; two-tailed FET). In only four subjects could all four types of responses be evoked, with three of the four being in the MS group and the fourth having the lowest FM score of the MM group.
Laterality
Comparison of the laterality index between the stroke MM and MS groups in the paretic and non-paretic arms was completed using a two-factor (group and arm) mixed design analysis of variance (ANOVA) with repeated measures on the last factor (arm) (Fig. 2) . Results show an effect of group (F = 7.58, P \ 0.0148), arm (F = 25.876, P \ 0.001) and an interaction between group and arm (F = 7.9211, P \ 0.0131). The LI in the paretic PMJ of the MS group was significantly different from the non-paretic arm in the same group (P \ 0.000226) and the non-paretic (P \ 0.000246) and paretic (P \ 0.0099) arms in the MM group. There was no significant difference between the other pairs. In one subject (S7) the laterality index could not be determined because no contralateral MEP or ipsilateral MEP was recorded in the paretic limb.
Correlation of laterality index with impairment
The laterality index in the paretic arm was correlated with impairment level as measured by the Fugl-Meyer score (Spearman's correlation coefficient = 0.742, P = 0.04) (Fig. 3a) . Accordingly, a low Fugl-Meyer score, indicating greater impairment level, was associated with a negative LI, whereas stroke survivors with less impairment (high FuglMeyer scores) had a positive LI. Similarly, the amount of elbow flexion/extension torque generated during maximal shoulder adduction, reflecting increased abnormal coordination, was correlated with the LI (Pearson's correlation coefficient = 0.652, P = 0.05) (Fig. 3c) . There was no correlation found between LI and relative strength (Pearson's correlation coefficient = 0.425, P = 0.25) (Fig. 3b) .
Relative spatial location of optimal contralateral MEPs and ipsilateral MEPs
An example of contour maps of the average peak-to-peak MEP amplitudes across the stimulation grid in a single subject is shown in Fig. 4 . In this individual, the CoG of the contralateral and ipsilateral projections from the left hemisphere were x, y = -3.5, 0.0 mm and x, y = -3.8, 0.2 mm, respectively. Across subjects, there was no significant difference in the mean locations of the CoG either between or within hemispheres (P [ 0.11) (Fig. 4b) . The mean locations of the CoG were: left hemisphere, 
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A. Mild-to-Moderate B. Moderate-to-Severe Fig. 1 Motor evoked potentials (MEPs) elicited in the nonparetic (NP) and paretic (P) pectoralis major muscle (PMJ) by transcranial magnetic stimulation of the contralateral and ipsilateral hotspots in two subjects: a a mild-to-moderately (MM) impaired subject, b a moderate-to-severely (MS) impaired subject. Plots show the average MEP waveform from ten trials. The figure in the upper right of each plot shows the arm from which the MEP was recorded (shaded in black) and the hemisphere that was stimulated (asterisk) contralateral MEPs, x, y = -3.7, 0.3 mm, ipsilateral MEPs, x, y = -3.8, 0.2 mm; right hemisphere, contralateral MEPs, x, y = 3.8, 0.2 mm, ipsilateral MEPs, x, y = 4.0, 0.3 mm.
Onset latency
In general, the latencies of the contralateral and ipsilateral MEPs evoked in PMJ by TMS of the lesioned hemisphere were delayed relative to the non-lesioned hemisphere. Contralateral and ipsilateral MEPs on the paretic side had average latencies of 20 ± 3 and 24 ± 7 ms, respectively. In contrast, the contralateral and ipsilateral MEP latencies on the non-paretic side were 14 ± 5 and 16 ± 3 ms, respectively. A significant interaction effect was found between the arm involved (non-paretic vs. paretic) and the type of projection (contralateral vs. ipsilateral) (P = 0.0265), but there was no effect of group type (MS vs. MM) (P = 0.3930). A Scheffe post-hoc analysis showed a significant delay in onset for the non-paretic ipsilateral MEP compared to the non-paretic contralateral MEP. Differences between hemispheres in the contralateral and ipsilateral MEP latencies were not significant at the P \ 0.05 level.
Discussion
The results of this study show that an increase in the relative magnitude and incidence of an ipsilateral MEP in the pectoralis major muscle, which causes a shift in the laterality index towards the ipsilateral hemisphere, is associated with poor recovery and that the increased expression of ipsilateral projections to the proximal arm muscles may contribute to abnormal intralimb coordination that is observed following stroke.
Ipsilateral MEP prevalence
Ipsilateral MEPs can be elicited in selected arm muscles in non-impaired adults when TMS is applied at high intensity and there is background activation of the target muscle (Carr et al. 1994; Colebatch et al. 1990; MacKinnon et al. 2004; Ziemann et al. 1999) . Ipsilateral MEPs are more easily elicited in proximal than distal muscles, however, even when present, the contralateral projections are much stronger (Bawa et al. 2004 ). In non-impaired individuals, ipsilateral MEPs in the PMJ muscles are typically only about 20% of the contralateral MEP amplitude (MacKinnon et al. 2004) , which corresponds to a laterality index score of approximately +0.67. Previous studies have shown that ipsilateral MEPs are elicited more frequently in stroke survivors than in able-bodied individuals (Alagona et al. 2001) . In the present study, ipsilateral MEPs were evoked significantly more often in the moderate-severe group than in the mild-moderate group. Moreover, the magnitude of the ipsilateral MEP was frequently larger than the contralateral MEP in the MS group. This resulted in laterality index scores that were significantly lower (more negative) in the MS group paretic limb. In contrast, the average LI scores in the MM group were positive and not significantly different from the non-paretic limb LI. Both the patient cohort and the task used in this study may have had an influence on the incidence and magnitude of the ipsilateral MEPs observed on the paretic side. All of the subjects tested had a right hemisphere lesion and left hemiparesis. Several TMS studies have shown that the excitability or topographic representation of ipsilateral projections to muscles of the upper limb and trunk in nonimpaired individuals are more prominent in the left hemisphere (Ziemann and Hallett 2001; MacKinnon et al. 2004) . Ipsilateral activity in the left hemisphere motor areas is particularly enhanced during left limb movements compared to right limb movements, irrespective of handedness (Cramer et al. 1999; Verstynen et al. 2005) . Furthermore, it has recently been shown that bilateral movements are associated with a decrease in contralateral and an increase in ipsilateral excitability in both ablebodied individuals and stroke survivors with left hemiparesis (Lewis and Perreault 2007) . Taken together, these findings suggest that the large amplitude ipsilateral MEPs we observed in the paretic PMJ may have been influenced by the presence of an intact left hemiphere and the use of a bimanual task.
Evidence for an increased reliance on indirect descending motor pathways following stroke After stroke, a reduction of the crossed corticospinal input to the muscle could result in an increased dependence on residual brainstem descending pathways (e.g., vestibuloreticulo-and tectospinal pathways) (Kuypers 1964) . These pathways project bilaterally to motoneuron pools of axial Fig. 4 a Topographic contour maps of the average MEP amplitude evoked by TMS at each of the sites on the grids over the right and left hemisphere of a single subject. The location of the contralateral (figure on the left) and ipsilateral (figure on the right) center of gravity (CoG) on the non-lesioned hemisphere is marked with an ''9''. b Plot of the average CoG across subjects for both the ipsilateral and contralateral projections over each hemisphere. NL non-lesioned hemisphere, L lesioned hemisphere, PMJ pectoralis major Fig. 3 Correlation between the laterality index (LI) and (a) FuglMeyer score, (b) relative strength (percentage of maximum paretic adduction torque relative to the maximum non-paretic adduction torque), and (c) secondary elbow torque (torque generated in the paretic limb during isometric shoulder abduction; normalized to the subject's maximal elbow flexion or extension torque depending on the direction of the secondary torque; Flex flexion, Ext extension). * Indicates the correlation is significant at the P \ 0.05 level and proximal limb muscles and exhibit extensive branching that can innervate neurons over many spinal segments, thus providing the infrastructure for obligatory co-activation of muscles acting at different joints. In particular, reticulospinal pathways may have potent direct input to ipsilateral motoneurons (Jankowska et al. 2003) , indirect input to contralateral motoneurons via interneurons and commissural connections, and can influence a variety of muscles in the proximal and distal limb (Davidson and Buford 2004) . The fact that the onset latency of ipsilateral MEPs are significantly delayed (typically 5 ms for PMJ) relative to contralateral MEPs suggests these responses are likely mediated by a polysynaptic, possibly corticoreticulospinal, pathway (MacKinnon et al. 2004; Ziemann 1999) . This idea is supported by evidence that wrist extensor ipsilateral MEPs can be modulated with neck rotation in accord with the asymmetric tonic neck reflex . Based on this finding, it was suggested that this modulation was mediated by alterations in the excitability of reticulospinal pathways, which receive input from neck receptors. The cortical origin of the pathway that mediates ipsilateral MEPs remains unclear. For movements of the hand, the balance of evidence suggests that ipsilateral activity originates from caudal regions of premotor cortex (area 6) rather than primary motor cortex (Cramer et al. 1999; Ziemann and Hallett 2001; Hanakawa et al. 2005; Verstynen et al. 2005) . However, studies of ipsilateral projections to trunk muscles have been equivocal, some showing no difference in the spatial location of the ipsilateral and contralateral CoG (PMJ muscle; MacKinnon et al. 2004 ) and others showing a medial-posterior shift in the ipsilateral location (deltoid muscle; Wassermann et al. 1994) . Thus, it is unclear if ipsilateral MEPs in trunk muscles are mediated by the activation of cortical elements in primary or premotor cortex or both. In the present study, the onset latencies of the ipsilateral MEPs produced by stimulation of the non-lesioned hemisphere (16 ± 3 ms) were comparable to the ipsilateral MEP latencies reported for PMJ in non-impaired individuals (15 ± 3 ms) (MacKinnon et al. 2004) . In contrast, stimulation of the lesioned hemisphere produced contralateral (20 ± 3 ms) and ipsilateral MEPs (24 ± 7 ms) that were delayed relative to projections from the non-lesioned hemisphere. The mean location of the CoG for evoking ipsilateral MEPs on the paretic side (x, y = -3.9, 0.2 mm) corresponded closely to the CoG location in non-impaired individuals (x, y = -4.2, 0.0 mm; MacKinnon et al. 2004) . Taken together, these results suggest that the large ipsilateral MEPs were mediated by intact uncrossed projections from the non-lesioned hemisphere to the paretic PMJ. It is also possible that transcallosal pathways contributed to the ipsilateral MEPs observed. Previous studies in non-impaired individuals have been able to discount this possibility due to the absence of responses in patients with agenesis of the corpus callosum or via conduction time arguments . Nonetheless, it is possible that the large ipsilateral MEPs in the stroke participants were mediated by an upregulation of ipsilateral pathways or a convergence of inputs from ipsilateral and transcallosal pathways. The fact that the contralateral MEPs were frequently smaller than the ipsilateral MEPs on the paretic side suggests that a contribution from transcallosal pathways alone would be unlikely to generate the large ipsilateral MEPs observed.
We also found a significant relationship between the LI and the amount of elbow extensor torque generated during shoulder adduction. This abnormal inter-joint coupling is an obligatory co-activation pattern that is observed in moderate-to-severe stroke (Brunnstrom 1970; Dewald and Beer 2001; Dewald et al. 1995 , Beer et al. 2007 Ellis et al. 2007 , Sukal et al. 2007 ). There is also abnormal coupling between the shoulder abductors and elbow flexors (flexor synergy) in these stroke survivors. Stimulation of the reticular formation in monkeys has been shown to evoke a pattern of suppression/facilitation of distal and proximal arm muscles consistent with a possible role in the generation of the flexor synergy (Davidson and Buford 2004) . Following a stroke, these pathways could be unmasked and produce the flexor and extensor synergies. Thus, the increased expression of ipsilateral MEPs following stroke may be indicative of an increased reliance on corticoreticulospinal pathways and these projections may contribute to the generation of abnormal inter-joint coupling following stroke.
Clinical correlates
In this study, the impairment level, as measured by the Fugl-Meyer index, was correlated with the laterality index such that more severely impaired stroke survivors had greater ipsilateral than contralateral projections to the PMJ. In addition, the laterality index was correlated with the secondary elbow torque during shoulder adduction, reflecting a greater expression of the extensor synergy in subjects with a lower Fugl-Meyer score. This is in agreement with previous studies of distal arm muscles that have shown that the presence of ipsilateral MEPs is correlated with poor recovery (Ward et al. 2003; Werhahn et al. 2003) . The loss of independent joint control, demonstrated in this study by the expression of the extensor synergy, could result from either the loss of contralateral projections, or the upregulation of the ipsilateral projection.
While some studies have shown a correlation between the expression of ipsilateral pathways after stroke and poor recovery (Ward et al. 2003; Werhahn et al. 2003) , we propose that the upregulation of ipsilateral cortical activity, and increased excitability of ipsilateral corticofugal pathways, may play an important role in preserving some degree of motor function. There is considerable evidence that the ipsilateral hemisphere contributes to the control of normal voluntary movements (e.g., Kristeva et al. 1991; Cramer et al. 1999; Verstynen et al. 2005) and that unilateral lesions following stroke result in deficits in movement control on the ipsilesional side (Wetter et al. 2005; Schaefer et al. 2007 ). However, utilization of the ipsilateral pathway may come at the expense of independent joint control, which limits the functional usage of the paretic upper extremity. In keeping with this idea, decreased performance during a complex hand movement task has been shown to correlate with increased ipsilateral activity in able-bodied individuals (Verstynen et al. 2005 ). The present study investigated the PMJ muscle because ipsilateral MEPs in this muscle had been previously recorded in able-bodied individuals and increased the likelihood of eliciting ipsilateral MEPs in stroke. However, PMJ is involved in the arm adduction and internal rotational motion associated with the extensor synergy, which is less strongly expressed following stroke than the flexor synergy. For this reason, the excitability and prevalence of ipsilateral pathways may be even greater in shoulder abductor and elbow flexor muscles involved in the flexor synergy. Nonetheless, this study is the first to demonstrate preliminary evidence of the connection between ipsilateral projections and the expression of abnormal coordination patterns following stroke. Further research investigating the loss of corticospinal contralateral projections and the employment of oligosynaptic ipsilateral projections in relation to specific impairments needs to be undertaken.
